ABSTRACT SCHULTZ, JEROME S. (Lederle Laboratories, Pearl River, N.Y.). Cotton closure as an aeration barrier in shaken flask fermentations. Appl. Microbiol. 12:305-310. 1964.-Oxygen transfer through a cotton plug follows Fick's law of diffusion. The apparent diffusion constant decreases as the density of cotton packing is increased. Formulas are derived which relate oxygen transfer to cotton-plug dimensions. Calculations indicate that the dimensions of a cotton plug can affect both the maximal oxygen uptake rate and the gas composition inside a shaken flask. In some situations, as with large flasks, the cotton closure can become the limiting factor to aeration.
The problem of aeration of shaken flask cultures has received wide attention for many years (Finn, 1954; Gaden, 1962) . Most of this work has been concerned with the transfer of oxygen across the gas-liquid interface, and methods of increasing agitation for better gas-liquid oxygen transfer have been developed.
However, one aspect of aeration for shaken flask cultures has been relatively neglected. The cotton closure ordinarily used to maintain asepsis can become a barrier to aeration, because oxygen must first pass through the cotton before reaching the liquid surface. Chain and Gualandi (1954) indicated that cotton-plug and aluminumcap closures can reduce the aeration rate to shaken flasks considerably, but their estimate of this effect seems much too great. Corman et al. (1957) found a decrease in the oxygen absorption rate of sulfite solutions in flasks when cotton closures were used.
If a culture has a high oxygen-uptake rate relative to the aeration resistance of the cotton plug, the gas composition inside the flask mnay be radically different from that of the air outside. These considerations were important for our flask to tank-fermentor scale-up studies (Jensen, Schultz, and Shu, 1961) . In the present study, measurements were made of oxygen transfer through cotton plugs of several sizes and bulk densities. A reservoir was filled with pure oxygen, and the decrease in oxygen concentration within the reservoir was recorded as oxygen escaped through a cotton plug into the atmosphere. No liquid was present, so that gas-liquid transfer was not a complicating factor.
MATERIALS AND METHODS
Oxygen electrode. A Clark-type oxygen electrode was used to measure the oxygen concentration within the reservoir flask. Essentially, the electrode was a polarographic cell with a solid, stationary, platinum disc as the cathode and a silver, silver-chloride wire as the anode.
The electrolyte was 1 N KCl. A plastic membrane isolated the cell from the external environment. oxygen wave was proportional to the exterior oxygen concentration.
The voltage range of the oxygen wave varied somewhat with the age of the electrode; therefore, it was checked periodically, and current measurements were made at an applied voltage where the curve was flat. The electrode accept the oxygen electrode, inlet gas tube, and outlet gas tube. A small magnetically operated fan near the bottom of the flask continually mixed the gas in the flask (Fig. 2) culture were transferred to 100 ml of fresh G medium. Subsequent serial transfers were made at daily intervals until a vigorously growing culture was obtained.
In the aeration experiments, growth was determined turbidimetrically. Samples (5 ml) were taken periodically and immediately chilled and stored at 4 C. After all the samples had been taken, 2 ml of 1 N HC1 were added to each sample to dissolve some insoluble salts. The optical density of the cell suspension was determined at 600 miu with a Coleman spectrophotometer. Appropriate dilutions were made to obtain readings less than 0.4 optical density units. An optical density unit of 1 corresponds to 0.6 mg/ml (dry weight) of cells.
Chlortetracycline fermentations were carried out as described by Goodman (1959) . Chlortetracycline concentration was estimated by the agar plate cylinder cup method. RESIULTS Several cotton plugs of widely differing densities (weight of cotton per unit of volume) were prepared and tested. In each test, first the flask was filled with oxygen by opening the inlet and outlet tubes and sealing the side arm with a plastic sheet. When the electrode indicated 100 % oxygen, the inlet and outlet tubes were closed, and the plastic was removed from the side arm. Diffusion was allowed to continue until the oxygen concentration dropped 10 to 20 %, after which the side arm was sealed and the system was checked for leaks. The data were analyzed on the assumption that oxygen transport followed the equations of diffusion. Rearranging,
for a small change in oxygen concentration in the interior data can be extrapolated back to zero cotton to give a value of 0.203 cm2/sec for the free diffusion constant of oxygen in air, which compares well with the reported value of 0.206 cm2/sec (Perry, 1950) . The apparent diffusion coefficient of oxygen for the 0.182 g/cm3 cotton plugs is 78 % of the extrapolated free diffusion coefficient. The porosity (e) of this plug is about 0.88 (the density of a cotton fiber is 1.5 g/cm3). The ratio 0.78:0.88, called the labyrinth factor, is 0.89. Maxwell gives the equation, labyrinth factor = 2/(3 -e) (Hoogschagen, 1955) , which leads to a calculated labyrinth factor value of 0.94.
The conclusion drawn from these data is that cotton prevents turbulent mixing of gases, and that gas transfer through a cotton plug is by diffusion only. This, in turn, depends on the geometry of the opening and the density of cotton packing. (The density of cotton stoppers ordinarily used in this laboratory varies between 0.05 and 0.08 g/cm3.)
Corroborative evidence for the effect of cotton closures on aeration was obtained from two simple fermentation experiments. The amount of growth achieved by B. megaterium, an obligate aerobe, is much higher in a flask without a cotton plug. Figure 4 shows that the initial growth rates are similar in flasks with and without cotton plugs, but at higher cell densities growth is restricted in the flask with the cotton. Coil-wire baffles (Jensen et al., 1963) were used in these flasks to insure high gas-liquid transfer rates.
The synthesis of chlortetracycline by Streptomyces aureofaciens has been shown to be affected by aeration (Jensen et al., 1960) . The effect of a cotton closure on chlortetracycline fermentations in shake flasks was demonstrated by using rather high medium volumes in 500-ml Erlenmeyer flasks. These conditions tend to favor the cotton closure as the controlling resistance to oxygen transfer. From Table 2 (data courtesy of A. L. Jensen), it is seen that in each case antibiotic synthesis is higher when the flask is continuously purged with air. The decrease in antibiotic production as the liquid volume is increased, even with forced aeration, indicates that the gas-liquid oxygen transfer resistance is still an important factor. DISCUSSION The ease with which shake flasks can be used for fermentation studies belies the fact that a rigorous analysis of this simple device is quite complex indeed. In focusing attention on gas transfer into and out of the flask, we find that three or more components are involved. In the simplest of aerobic fermentations, oxygen, nitrogen, carbon dioxide, and water vapor are in the free space inside the flask. If the air outside the flask is dry, the rate of water evaporation can be quite high. Production of other volatile compounds, such as acetaldehyde and ethanol, can increase the number of components to six or more. Although the diffusion patterns of multicomponent mixtures is theoretically solvable, the equations become almost intractable with more than three components. A simple idealized example, which assumes a respiratory coefficient of one and ignores water vapor, is worked out in the Appendix. However, the following simple binary diffusion equation gives approximately the same result. In a steadystate, the rate that oxygen enters a flask is given by w = 32.4 Da (Co-Cg) (4) where w is the total oxygen diffusion rate (mmoles of 02 per hr) into the flask, and assuming the gases in the flask are well mixed.
The application of this formula can be illustrated with some calculations related to typical laboratory fermentation practice. The dimensions of the cotton closure in some common vessels used for fermentations are given in columns 2 and 3 of Table 3 . Equation 4 shows that oxygen transfer through cotton is proportional to the ratio A/L when the driving force (CO-Cg) is constant. Note that the ratio of cross-sectional area to length (column 4) is almost constant in the larger flasks, whereas the amount of medium added to the flask usually increases directly with flask volume (column 1). The relative availability of oxygen per unit volume of medium drops rapidly with larger flask sizes (column 5).
The gas composition inside the flask for a given oxygenuptake rate can be calculated from equation 4 (Finn, 1954) .
In a steady state, the total oxygen transfer rate through the cotton and into a flask (given by equation 4) is equal to the oxygen entering the culture liquid across the gasliquid interface. W = Kia VIH(Cg-CO) (5) where Kia = gas-liquid trarnsfer coefficient (hr-1); H = solubility coefficient of oxygen in the liquid (mmoles of 02 per ml per atm); VI = volume (ml) of liquid; Cl = oxygen tension (atm) in liquid.
Equations 4 and 5 can be solved for Cg, which upon substitution back into equation 4 gives a generalized formula for the total oxygen-transfer rate in terms of the oxygen concentration outside the flask and in the liquid.
[3,600 DaA + Kj HVIJ (C C-CO (6) The first term is related to the plug characteristics and the second term to the gas-liquid transfer resistance. The factors that limit oxygen transfer will depend on the relative values of the first and second terms. If KIaVj is large, then diffusion of oxygen through the plug may become limiting. If L/DaA is large, then oxygen transfer across the gas-liquid interface may be the limiting factor. Equations 4 and 6 can also be used to calculate the total oxygen-transfer rate into flasks with closures other than cotton plugs, such as metal and plastic caps and foamed plastic plugs. For the latter, the apparent diffusion coefficient of oxygen in that material is substituted for Da. For caps, L is equal to the length of the cap and A is equal to the cross-sectional area of the annular space between the neck of the flask and the cap. The free diffusion coefficient D is used instead of Da. If the annular space is not uniform, then the integral f(i J where f(l) is the cross-section area as a function of length, is substituted in the equations for the ratio L/A. Chain and Gualandi (1954) reported that the rate of oxygen diffusion into cotton-stoppered, 1-liter shake flasks with 200 ml of liquid is reduced to less than 1 % of the open flask rate. This reduction is much greater than would be predicted from equation 6. In their units, the oxygen transfer rate was 96 ml of 02 per 100 ml per hr in an open flask and 0.6 ml of 02 per ml per hr with a cotton plug. However, for the latter case, a maximal transfer rate of 63 ml of 02 per 100 ml per hr is calculated from equation 6, a reduction of only 30%. For this calculation, C1 = 0; C0 = 0.21; L/A = 2.4; Da = 0.2; H = 1.19; V1 = 200; Kla = 171 (based on data given by Chain and Gualandi, 1954 The oxygen-transfer resistance of cotton closures could be used to advantage in studies on the effects of aeration in shake flask fermentations. By using closures with different values of the ratio L/D5A, one can reproducibly limit over a wide range, the maximal rate of oxygen entry into the flask. This is easily accomplished with pieces of glass tubing of various lengths or diameters, or both, which are held in flasks by rubber stoppers. The same liquid volume can be used in all flasks, so that a common agitation pattern is obtained.
APPENDIX
The equation for three-component gas diffusion in a cotton plug can be derived from the Stefan-Maxwell equations in a manner similar to that given by Hsu and Bird (1960 A respiratory coefficient of one is equivalent to Na = -Nb. Since nitrogen is not utilized, Nc = 0. Also, xa + xb + xc = 1 (Fig. 5) 
(11) (12) This expression for xc is substituted into equation 9, which [Binary diffusion constants were calculated by the Chapman-Enskog formula as given by Bird, Stewart, and Lightfoot (1960) .]
The calculated values for XCL and XaL are 0.75 and 0.05, respectively. Also, XbL = 1 -xL -XcL = 0.20. Therefore, the gas concentrations inside the flask predicted by the more exact diffusion equations are 02 = 5%, CO2 = 20 %, and N2 = 75 %, compared with 02 = 6%, CO2 = 15 %, and N2 = 79 %, given in Table 3 .
Even though nitrogen is not produced or consumed by he fermentation, a gradient in nitrogen concentration can occur between the interior and exterior of the flask because of the diffusion of the other two gases. In the above example, the nitrogen concentration inside the flask was calculated to be 75 %, which is 4% lower than in the outside atmosphere.
